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Abstract

Functional electromagnetic field transformers, having irregular scattering profiles achieved
through optimization, can provide wavelength-dependent transformation characteristics unattain-
able with photonic bandgap structures. Synthesis software for both waveguide and free space
elements has been developed. Scanning-electron-microscopy photos of fabricated optical waveg-
uide structures using electron beam lithography and a lift-off process show that the resolution
required for communication wavelengths can be achieved. A microwave demonstration has es-
tablished the wavelength-dependent functionality. Upon development of the physics and the
mathematical tools, potential applications include wavelength division multiplexing elements
and laser cavity mode control.

1 Introduction

The control and manipulation of light is important in signal processing related to optical communi-
cation applications and in the achievement of source coherence. Thus far, the majority of effort to
control and filter electromagnetic waves has relied on wave scatter in periodic systems. This view
has led to the significant level of interest in periodic photonic crystals [1].

Periodic structures have been suggested to realize various waveguides [2, 3, 4]. In addition, appli-
cations in reflectors and filters [5, 6, 7] have been proposed, while maintaining the incident mode
profile, which usually refers to the uniform plane wave or the fundamental mode of the corre-
sponding waveguide. Mode converters have also been implemented with a large set of periodic and
perturbative scatterers to change the transverse field distribution of the incident field [8], which
manipulates the field between two higher order modes. However, the ability to achieve filtering
functions while performing transverse mode transformation has not yet been fully explored. As
we demonstrate, there are opportunities to modify scattering structures in an aperiodic fashion,
thereby transforming the spatial field essentially without loss and achieving some rather surpris-
ing scattering characteristics. Our field transformation elements fall into two groups: scattering
from finite irregular diffractive elements in unbounded space and mode transformation in irregular
waveguide structures.

2 Scatterers in Unbounded Space

2.1 Synthesis

Finite, irregular scattering structures in free space are considered which are compatible with im-
plementation using solid state fabrication techniques. Structures have been studied which perform
power splitting and wavelength-dependent scattering functions. Implementation with fiber optic
systems should be possible.



Two classes of two-dimensional structures with conducting scattering elements in free space have
been studied. One has a series of layers with locally periodic strips on each layer, which can be
implemented using standard processing techniques. The other is more general, with more degrees
of freedom, and has irregular conductor domains defined by a pixel representation.

We have used the finite element method (FEM) with a radiation boundary condition to solve
the forward problem, i.e., given and incident field and a scattering structure, to determine the
scattered field [9]. The Matlab optimization function fmincon is used for the synthesis of the multi-
layer scattering structures and the iterative direct binary search method is used for synthesizing
the more general pixel-based structures [10].

We have found that a multi-resolution synthesis procedure, where coarse adjustments in the scat-
tering geometry are followed by successively finer adjustments, is an important strategy in finding
satisfactory solutions with acceptable computational effort. Achieving a good initial guess is also
important for expedient solutions. To achieve a good initial guess for a particular application,
we tested several structures by randomly choosing the size and position of scatterers, and then
proceeded with synthesis using the best candidate.

2.2 Aperiodic Multi-Layer Scattering Structures

For the multi-layer scattering structure, each layer can have several scatterers, and up to ten layers
have been used. We used the Matlab fmincon continuous optimization routine applied to a locally
periodic system of strips on each layer. The variables for each layer are then offset, period, duty
cycle, and number of periods. The steps for strip width and layer spacing were reduced in later
stages of the synthesis, thereby achieving a coarse to fine multi-resolution strategy. We achieved a
wavelength-scale multi-layer structure which functions as a power divider. Figure 1 shows the case
of a normally incident plane wave from above and two focal points just one wavelength below the
structure.

— 4

Figure 1: The amplitude of the total electric field for an 8-layer scattering structure which acts as
a power divider. The focal plane is only one wavelength below the structure.
2.3 General 2-D Scattering Structures

We represent the general 2-D scattering structure by pixels, with each pixel being a scatterer (a
conductor in this case) or not (free space in this case). Using discrete optimization, with an iterative



direct binary search method, a compact scattering structure with a wavelength-dependent trans-
formation function has been found, as shown in Figure 2. The diffractive elements are conductors
and the incoming plane waves have wavelength A and 1.1 A\. The A plane wave is focused on the
left side, as shown in Figure 2(a), and the 1.1 A plane wave is focused on the right side, as shown
in Figure 2(b). The focal plane is located only 3 A below the structure. Figure 2(c) shows the field
amplitude squared of the A and 1.1 X waves at the focal plane, clearly showing the wavelength-
dependent focal points and suggesting wavelength division multiplexing (WDM) applications. This
example shows that irregular sub-wavelength scattering structures have the potential to achieve
important functionalities with small size (just a few wavelengths on a side).

Focal___\
plane

(a) (b) ()

Figure 2: (a) Field amplitude pattern for the A plane wave in structure performing a WDM function.
(b) Field amplitude pattern for the 1.1 X plane wave. (c) Field amplitude squared in the focal plane
for the A and the 1.1 A\ plane waves.

3 Irregular Waveguide Structures
3.1 Synthesis

A schematic diagram of the uniform height, irregular width waveguide structure is shown in Fig. 3.
Step-wise width variations introduce strong scatter. A generalized scattering matrix method using
a modal expansion to match the fields between sections was used to solve the scattering behavior.
Because each section offers two parameters, length and width, the number of degrees of freedom is
therefore proportional to the number of sections. Synthesis was achieved using a multi-resolution
algorithm which is an effective means for optimizing from a coarse model to a finer one.

3.2 Functionality

We have found several remarkable functionalities for field transformation in waveguide structures,
as shown in Figure 4. Figure 4(a) shows a frequency-dependent transformation which converts the
incident TE19 mode to the output TE3y mode at one frequency, but to the output TE;g mode at
the other frequency. A wavelength-division-multiplexing element may be possible based on such a
transformation. Figure 4(b) shows a mode-selective transformation which achieves total reflection
for the incident TE 1y mode and complete transmission for the incident TEoy mode at the same
frequency. We therefore introduce the capability to distinguish different modes in a resonant cavity,
allowing the control of the spatial mode profile if such an element serves as a feedback component.
Figure 4(c) shows a multi-mode transformation which combines the incident equal-power and in-
phase TE 1y and TEgg modes into the output TE{9 mode. On the other hand, reciprocity ensures
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Figure 3: (a) Schematic diagram of a conducting wall waveguide field transformation element. The
height of the waveguide is kept constant, while the width and length of each section are variable.
(b) Proposed implementation.

that the incident TE;9 mode from the output port will be split into TE1g and TE3y modes equally
at the input port. This functionality shows the ability to control the content of the transformed
mode, which is beyond the capability of the traditional one-to-one mode conversion. Figure 4(d)
shows several elements to achieve different phase shifts relative to the incident plane. The elements
are of the same length. Excitation of a phased-array antenna may be possible with such structures,
providing a new solution for electronic beam steering.

We have found several solutions for all functionalities described, with each of them showing dis-
parate spectral responses. This allows the selection of structures to achieve bandwidth control or
synthesis based on spectral response.

3.3 Fabrication of Optical Devices

For optical communication wavelength implementation, resolution of the waveguide pattern requires
0.1 pm precision. The fabrication starts with a 100 ACr layer on a silicon substrate, followed by
a 1000 AAu layer to form the bottom wall of the waveguide. The Cr layer is used to promote the
adhesion between Si and Au. The wafer then undergoes an e-beam write on a bi-layer resist. After
development of the resist, a 30 - 50 ACr layer is deposited, followed by a 0.1 pm thick layer of
SiO2. The Cr layer is used to promote the adhesion between oxide and Au. The waveguide pattern
is formed after a lift-off process. The top and side metal walls of the waveguide are then formed
by sputtering Ag on the wafer. In order to minimize the loss induced by the metal wall, only
the neighborhood of the irregular waveguide region is covered by the sputtered Ag. The selective
Ag deposition is achieved by photolithographically defining a window in the irregular waveguide
region, Ag sputtering and then liftoff. The major challenge of this procedure lies in the e-beam
direct write on the Au substrate, because there is significant back scattering of the electrons due
to the large atomic number of Au, resulting in over-exposure. Careful calibration of the e-beam
write is therefore required. Figure 5 shows two photos of test structures taken by scanning-electron-
microscopy (SEM). Both structures are designed to perform TEg to TE3p conversion at 1.55 pm.
The dark background is the Au substrate and the lighter region is also Au, instead of SiO9, which
is used as a test procedure to demonstrate that the resolution requirement is met.

The waveguide elements will be tested by near field optical microscopy (NSOM) at the University
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Figure 4: Functionalities of irregular waveguide structures. (a) Frequency-dependent transforma-
tion. (b) Mode-selective transformation. (c¢) Multi-mode transformation. (d) Phase shifters.
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Figure 5: SEM photos of the fabricated irregular waveguide structures for TE1g to TE3y transfor-
mation at 1.55 um. The input waveguide on the left is 1.0 um wide and the output waveguide on
the right is 2.1 ym wide. The 0.1 pum steps are clearly resolved.

of Illinois, Urbana (in collaboration with Prof. Chuang’s group). The transformed field will be
measured as a function of wavelength from 1.46 pm to 1.58 um, and the results compared with
simulations. The measured results will then be analyzed with a view to further refinement of the
fabrication process.

3.4 Demonstration in the Microwave Frequency Range

To verify the field transformation functionality using an irregular waveguide structure, a frequency-
dependent element was designed to operate at X-band and fabricated in brass. This element is to
transform the incident TE1g mode to the output TE3y mode at 10 GHz, but to the output TEqq at
9.8 GHz. The resulting structure is shown in Fig. 6(a). Two slotted line measurements, one with
a TE19p mode attenuator, allows the power in each of the two modes to be determined uniquely.
The measured spectra are shown in Figs. 6(b) and (c¢). Good agreement is shown between the
theoretical simulation and the experimental result, with a slight 30 MHz shift to higher frequency
corresponding to 0.3% error at 10 GHz, within the tolerance of our mechanical fabrication. At
the two frequencies where the complete transformation occurs, 9.8 GHz and 10 GHz, the reflection
spectrum in Fig. 6(c) shows that almost no power is reflected, indicating that complete mode
transformation is achieved.

4 Evanescent Fields in Left-Handed Materials

Negative refractive index or left-handed (LH) electromagnetic media [11] have received significant
attention recently, both in terms of physical issues and also applications. One important suggestion
was that it may be possible to build a perfect lens because of evanescent field growth with distance
in a finite thickness slab [12] Interest accelerated after the experimental demonstration of a LH
material at microwave frequencies [13]. To explore further the behavior of the evanescent field in
LH material, we established the field solution for an electric current source at the interface between
a positive refractive index and a negative refractive index medium using loss. Field growth and
power dissipation relationships which we have derived provide metrics suitable for evaluating lens
applications. Consequently, only a portion of the plane wave spectrum has the potential for growth
to offset evanescent field decay between the object and image planes. However, the resulting
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Figure 6: (a) Geometry of the frequency-dependent field transformation element. (b) The trans-
mission spectrum of the TE3g and TE 1y modes. Solid: simulation for TE3y; dashed: simulation for
TE10; squares: measured results for TE3p; diamonds: measured results for TE1g. (c) The reflection
spectrum of the TE;jg mode. Solid: simulation; dashed: measured results.

power dissipation suggests that these fields will be severely attenuated, making improved lensing
problematic.

5 Plasmon Waveguides

It has been established that a chain of metallic nanoparticles (Au, for example) can guide light,
thereby forming so-called plasmon waveguides [14, 15]. The guiding mechanism is linked with loss,
i.e., closer field confinement to the nanoparticles requires higher loss (where field confinement is
associated with guiding of the light). We studied both CdSe and Ag 2-D nanoparticle arrays using
a finite element method, in order to investigate the wavelength and polarization dependence. The
optical properties of bulk CdSe and Ag were used for the simulations [16, 17]. Figure 7(a) shows the
simulation results for a CdSe chain with 20 cylinders having radius 15 nm and separation 15 nm, for
TM polarization (the top two figures, where electric field is out of the page), and TE polarization
(the bottom figure, where magnetic field is out of the page), at two wavelengths. Figure 7(b) uses
the same sized structure as Fig. 7(a), but the cylinders are Ag. Effective guiding occurs in the
Ag chain as the bulk plasmon resonance is approached, where the metal loss increases. Effective

guiding in the Ag case occurs for TE polarization, whereas it is possible to guide both polarizations
using CdSe.
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Figure 7: (a) Normalized field amplitudes for a chain of 20 CdSe cylinders in free space, with
excitation at the left most cylinder. The cylinder radius is 15 nm and the separation between the
cylinders is 15 nm. The top figure is the TM case with A = 350 nm and €, = 7.087 — 4.283¢, the
middle figure is the TM case with A = 701.4 nm and ¢, = 7.854 — 1.2944, and the bottom figure is
the same as the top figure but for the TE case. (b) Normalized field amplitudes for a chain of 20
Ag cylinders in free space, with the left most cylinder excited. The cylinder radius is 15 nm and the
separation is is 15 nm. The top figure is the TE case with A = 331.5 nm and ¢, = —0.658 — 0.2824,

the middle figure is the TE case with A = 354.2 nm and ¢, = —2.004 — 0.284¢, and the bottom
figure is the TE case with A = 704.4 nm and ¢, = —23.405 — 0.3874.
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6 Software

We have developed two synthesis codes, one for scattering structures in unbounded space and
the other for waveguide structures. The coding to simulate the two-dimensional scattering in un-
bounded space is based on the finite element method and it is written using Matlab. We also have
finite element code in Fortran for these problems that we have written (see [9]). The Partial Differ-
ential Equation and Optimization toolboxes in Matlab are used. The properties of the scattering
structures and the incident wave can be chosen in the software package, and the multi-resolution
method to synthesize the complex scatterers structure is also included in the software. For the
waveguide structures, the electromagnetic solver is coded in C** and compiled by the C*'-shell
of Matlab, and serves as a normal Matlab function. The optimization script was coded in Matlab.
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